Introduction {#S0001}
============

Type 2 diabetes mellitus (T2DM) is a common clinical disorder characterized by hyperglycemia (fasting plasma glucose (FPG) ≥7.0mmol/l, 2-hours, postprandial plasma glucose, 2hPPG ≥11.1mmol/l) and distinct insulin resistance, which is different from the pathogenesis of type 1 diabetes mellitus (T1DM). In recent years, multiple antidiabetic drugs have been developed among which sodium-glucose co-transporter inhibitors (SGLT-2i) which exhibit distinct therapeutic mechanisms is independent of physiological insulin action. Given that it is widely agreed that the implications of T2DM have detrimental effects on the cardiovascular system as they cause macrovascular and microvascular damage,[@CIT0001] available guidelines strongly suggest that the treatment of T2DM should not only focus on managing blood glucose, but also preventing cardiovascular complications or postponing its progression.[@CIT0002] Consistent with this notion, existing evidence argue that SGLT-2i possess cardiovascular benefits.[@CIT0003] Conspicuously, evidence from some studies demonstrates that cardiovascular status is governed by the central nervous system (CNS) which is arguably critical for the macro- and microvascular lesions.[@CIT0004] The regulation of cardiovascular activity is controlled by neuro-endocrine organization depending on the function and levels of pertinent neural peptides or hormones and their receptors, relevant neural circuits or nets, essential renal renin-angiotensin-aldosterone system (RAAS) to keep blood pressure (BP) and heart rate (HR) in a relatively adaptive range.[@CIT0005] Importantly cardiovascular control via CNS is monitored and regulated by the autonomic activity-related nucleus.[@CIT0006] Therefore, an advanced understanding of the neuro-endocrine pathways for controlling cardiovascular activities by drugs such as SGLT-2i is essential.

The existing clinical trials have demonstrated the beneficial effects of SGLT-2i to the cardiovascular system in reducing the incidence of cardiovascular events, this has caused an upsurge of research in the field of endocrinology, cardiology, and nephrology.[@CIT0003],[@CIT0007] The presently accepted partial mechanisms of SGLT-2i on glucose metabolism and other benefits beyond glycemic control are due to glycosuria and natriuresis secondary to inhibiting renal glucose and sodium co-transporter of proximal tubules.[@CIT0008] However, due to the availability of inadequate studies elucidating the pathway of SGLT-2i action in CNS or influence the sympathetic nervous system, the rationale behind SGLT-2i causing a decrease in BP (systolic BP: 5mmHg, diastolic BP: 2mmHg on average)[@CIT0009] without a change in the heart rate remains unknown.[@CIT0010]--[@CIT0012] Nonetheless, in the past few years, researchers asserted that besides its role in glucose reabsorption, SGLT may exhibit other distinct functions in CNS.[@CIT0013]--[@CIT0015] Unfortunately, the definite localization of the SGLT family and their functions in CNS, specifically SGLT-2 have not been comprehensively established. As such, this study sought to establish SGLT roles in CNS through immunohistochemistry methodology combined with cardiovascular activity detection. Firstly, we examined the change in blood glucose (BG), BP, HR after drug administration. Thereafter, we localized the distribution of the central SGLT-2 protein expression. Through c-Fos immunohistochemistry, we further investigated the possible pathway of SGLT-2i in regulating cardiovascular activity, at the same time, we unmasked the distributional relationships between these proteins. Our results uncover the scientific mystery of how SGLT-2i influences the sympathetic system. Also, they can potentially confirm the clinical findings that unlike diuretics, SGLT-2i has a role in improving the functional status of cardiovascular activities, although some reports suggest that diuretics seemingly elicit a more powerful effect on the reducing the fluid retention.

Materials and Methods {#S0002}
=====================

Animals {#S0002-S2001}
-------

The male C57BL/6 mice (5 weeks old, 14--15 g) were purchased from Shanghai SIPPR-BK Laboratory Animal Co., Ltd. Mice were housed in separate cages and provided with food (standard laboratory chow) and water *ad libitum*. They were allowed to adapt to the animal house environment until their body weight reached 20g. The mice room was controlled to a 12:12-h dark-light cycle and an ambient temperature of 21.5--22.5°C. All animal experiments were carried out in accordance with pertinent Experimental Animals Act or Regulation of China. The study was approved by the Institutional Animal Care and Utilization Committee of Fudan University Pudong Animal Experimental Center.

Drug Administration {#S0002-S2002}
-------------------

The doses of Dapagliflozin (1.52 mg/kg, Astra Zenica Pharmaceutical Solutions LLC) were comparable to those used clinically for diabetes (10 mg daily). Each tablet was ground and dissolved in 1mL DMSO solution, and diluted in 65mL saline before use (DMSO: 1.52%).

Blood Glucose, Blood Pressure, and Heart Rate Measuring {#S0002-S2003}
-------------------------------------------------------

The mice were randomly divided into 2 groups (7 weeks old, 20--22g) in accordance with their body weight distribution ensuring homogeneity. The treatments were handled by skilled professional staff and investigators ensuring that drug administration, measuring of BG, BP, HR, and perfusion in each mouse were standard, homogenous, and do not induce gavage stress. The experiment groups received a single intragastric gavage (0.1mL/10g) with Dapagliflozin (*n* = 17, 30.4ug/20g) solution (DMSO: 3.04ul/20g) whereas the control group (*n* = 17) received comparable doses of saline. Using blood glucose meter (ACCU-CHEK Performa Nano, Roche), we measured BG levels of mice tails before the intragastric gavage, every 15 min of the first 1h, and 2 hours after intragastric gavage. At the same time, the other 14 male mice were randomly divided into two groups and received the aforementioned treatments, BP, HR measured at 0, 1h, 2h after gavage using a non-invasive monitor device (Kent scientific, CODA-MNTR). Each mouse received a 15 cycle of measuring via volume pressure sensing.

Neurohistochemical Analysis {#S0002-S2004}
---------------------------

### Tissue Preparation {#S0002-S2004-S3001}

After taking measurements, the 34 mice were anesthetized with 3% sodium pentobarbital and perfused transcardially with 0.01 mol/L phosphate-buffered saline (PBS; pH 7.4) and then perfused with 10% neutral buffered formalin (Sigma). The specimens were stored and experienced post-fixation for 4 h. After 4 hours, we carefully extracted the fixed tissues including the brain. Afterward, we immersed the brains in a 20% sucrose solution at 4°C. Brain samples prepared to be furtherly processed were stored until sunk. The retrieved brain samples were embedded with reagent optimal cutting temperature (O.C.T) with the use of dry ice and sectioned coronally on a freezing-sliding microtome (Leica) at a thickness of 30 μm, and slices were collected in 12 equal series to cryogenic vials filled with 30% glycerol sucrose buffer.

### Immunohistochemistry for SGLT-2 and c-Fos {#S0002-S2004-S3002}

Notably, c-Fos belongs to the Fos family.[@CIT0016] A variety of stimuli, especially strong stimuli including shock, harmful stimuli, and drugs have been demonstrated to induce spontaneous expression of c-Fos before other mRNA or protein.[@CIT0017],[@CIT0018] For long, expressed c-Fos has been considered as a marker of neuronal activity whereby neurons were firstly stimulated, then detection of the c-Fos expression particularly its maximum expression in 2 hrs. This has been adopted by multiple neurological studies. The single dose of 1.52mg/kg of Dapagliflozin in the present study can be considered as an effective stimulus. Thus in this work, via activation of certain neurons by SGLT-2i, we chose to detect the neural c-Fos expression within a 2 hr duration to search for the possible neural pathway.

On the first day, slices of the brain were taken out of cryogenic vials and 3 times rinsed with 0.01 mol/L PBS (pH 7.4), each time for 5 min. We pre-treated the rinsed slices for 20 min with 0.3% H~2~O~2~ to eliminate endogenous catalase, then similarly rinsed with 0.01 mol/L PBS 3 times with each time for 5 min. After rinsing, brain slices were transferred to a blocking solution containing PBX (0.01 mol/L PBS, 0.3% Triton X-100) and 1% donkey serum for 30 min. Eventually, we incubated the brain slices with PBX, 1% donkey serum, and primary mouse anti-c-Fos antibody (1:1 0000, ab208942, Abcam) or rabbit anti-SGLT-2 antibody (1:1000, ab85626, Abcam) at 4°C for overnight.

After overnight incubation, the brain slices were rinsed 3 times with PBS and then transferred to a solution containing PBX, 1% donkey serum, and secondary generic antibody (1:10, G1210-2-A, Service Bio) and incubated for 1 h thereafter rinsed once for 5 min. The slices were stained by reagent 3, 3'-diaminobenzidine (DAB, G1210-2-B, G1210-2-C Service Bio) for 8--10 min. Later, stained brain slices were carefully mounted on gelatin-coated glass slides. To closely attach the brain slices, we dehydrated using graded ethanol, cleared with turpentine oil (TO), and finally coverslipped with neutral balsam.

### Nissle Staining to Distinguish the Brain Area and Structure {#S0002-S2004-S3003}

In this step, brain slices of mice were retrieved from cryogenic vials and rinsed with 0.01M PBS (PH 7.4) 3 times for 5 minutes each time. Afterward, slices were carefully mounted on gelatin-coated glass slides and left to dry. Then slices were rehydrated with graded ethanol with a descending level of 100%, 100%, 95%, 80%, 70%, for 30 seconds each. Thereafter, the slices were rinsed with water for 30 seconds, nissle dye (service bio) added, and stained for 5--6 minutes. After staining, slices were rinsed with water for 2 minutes and following differentiated by 1% hydrochloric alcohol. Again, we rinsed with water and used the microscope to check if staining was satisfactory, if not, the above-stipulated steps will be repeated. Finally, the slices were dehydrated using grade ethanol with ascendant level for 10--15 seconds, cleared with Turpentine oil (TO) and coverslipped with neutral balsam. The Nissle staining distinguishes various parts or regions in the brain to understand the c-Fos expression.

### Dual Immunofluorescent Staining of Brain {#S0002-S2004-S3004}

On the first day, (1) Brain specimens were retrieved from cryopreserved tubes, and washed it in a Petri dish containing 0.01M PBS for 3 times 5 minutes each time. (2) The slices were pretreated with 3 mL PBS containing 0.3% hydrogen peroxide solution in a six-well plate for 20 minutes to inhibit the endogenous peroxidase. After 20 minutes, the slices were washed three times with 0.01M PBS, 5 minutes each time. (3) Tissues sections were put in a six-well plate containing 3 mL of blocking fluid for 30 minutes. The fluid contained 0.01M PBS, 1% Donkey Serum and 0.3% Triton X-100. (4) After blocking, the solution containing 3 mL 1:10000 c-Fos antibody and 1:1000 SGLT-2 antibody was selected, and tissue was incubated overnight at 4°C. The solution contained 0.01M PBS, 1% donkey serum, 0.3% Triton X-100, 1:10000 mouse anti-c-Fos antibody and 1:1000 rabbit anti-SGLT-2 antibody.

On the second day, (5) The sections were washed 3 times in 0.01M PBS from the antibody incubator for 5 minutes each time, (6) The cleaned sections were incubated in a 6-well plate of 3mL PBX containing 1:1000 biotin-conjugated donkey anti-mouse antibody for 1 hour. The solution contains 0.01M PBS, 1% donkey serum, 0.3% Triton X-100 and 1:1000 biotin-conjugated donkey anti-mouse antibody. (7) After incubation, the tissue was rinsed once with 0.01M PBS for 5 minutes. (8) It was transferred to a six-well plate containing 0.01M PBS, 1% donkey serum, 0.3% Triton X-100, and incubated with 1:1000 fluorescent dye 594-conjugated Strepto-avidin and 1:300 fluorescent dye 488-conjugated donkey anti-rabbit antibody for 1 hour. (9) Afterward, the reaction was terminated. The slices were mounted on glass slides, followed by addition of anti-fluorescence quenching solution to the cover slides. The slides were fixed and then transferred to the darkroom to avoid light, (10) Finally, we observed the slices under a fluorescence microscope.

Data Collection and Statistical Analyses {#S0002-S2005}
----------------------------------------

Stained sections were analyzed under an optical microscope (Leica DM2500, Leica Microsystems, Switzerland) equipped with a DFC550 digital camera (Leica Microsystems, Switzerland). Images were captured using Leica application suite software V4.4 (Leica Microsystems). Further, quantitative analysis of Fos immunoreactivity (Fos-IR) induction was conducted blinded by a professional staff, and based on the Allen mouse brain atlas. Through two-way ANOVA and Sidak multiple comparison tests, we analyzed the comparison of treatment-induced changes in Fos-IR expression in the brain. Additionally, data on blood glucose were counted and compared via repeated-measures analysis of variance (RM ANOVA) by Sidak multiple comparison tests, whereas data on heart rate and blood pressure were counted and compared via repeated-measures analysis of variance (RM ANOVA) by Tukey multiple comparison test. For statistical analysis, we used SPSS (IBM, version 23.0) and Prism (Graphpad, version 7.0), where *P* ≤ 0.05 was considered statistically significant.

Results {#S0003}
=======

Glycemic Dynamic and Change of BP and HR After Intragastric Gavage with SGLT-2i {#S0003-S2001}
-------------------------------------------------------------------------------

Generally, our results showed no significant differences in blood glucose levels between the experimental group and the control group in 2 hours after administration (Mean ± SEM: Dapagliflozin: 9.5±0.163mmol/l; Control group: 9.6±0.163 mmol/l; P \> 0.05) ([Figure 1A](#F0001){ref-type="fig"}). Although the blood glucose level of SGLT-2 group became lower compared to that of the control group 2 hours after administration, the difference was statistically insignificant (Mean ± SEM: Dapagliflozin: 1 hour: 8.9±0.331mmol/l, 2 hours: 7.9±0.229mmol/l; Control: 1 hour: 9.1±0.331 mmol/l, 2 hours: 8.5±0.229 mmol/l; P \> 0.05).Figure 1(**A**) Analysis of blood glucose in mice 2 h after administration of SGLT-2i (Dapagliflozin). There was no difference in blood glucose across groups. n = 34, RM-ANOVA, Sidak multiple comparison test. (**B**) Comparison of systolic pressure between control and SGLT-2i before and at 2 h after administration of treatments, n = 14, mean ± SEM. \*P \< 0.05 vs control. ns: P \> 0.05 vs control. RM ANOVA, Tukey multiple comparison test. (**C**) Comparison of diastolic pressure between control and SGLT-2i before and at 2 h after administration of treatments, n = 14, mean ± SEM. \*P \< 0.05 vs control. ns: P \> 0.05 vs control. RM ANOVA, Tukey multiple comparison test. (**D**) Comparison of heart rate between control and SGLT-2i before and at 2 h after administration of treatments, n = 14, mean ± SEM. ns: P \> 0.05 vs control. RM ANOVA, Tukey multiple comparison test.

For the 14 mice whose BP and HR were measured before, 1h, and 2h after intragastric gavage, both systolic and diastolic BP were significantly lower in mice of SGLT-2i group than control group 2h after gavage (n=14, P\<0.05 [Tables 1](#T0001){ref-type="table"} and [2](#T0002){ref-type="table"}, [Figure 1B](#F0001){ref-type="fig"}--[D](#F0001){ref-type="fig"}); however, the HR was not significantly different between the two groups (P\>0.05) ([Table 3](#T0003){ref-type="table"}, [Figure 1B](#F0001){ref-type="fig"}--[D](#F0001){ref-type="fig"}).Table 1Changes in Systolic BP in Control Group vs SGLT-2i Treatment GroupControl (mmHg)Dapagliflozin (mmHg)Pre127.792 ± 2.995132.000 ± 3.0471h123.441 ± 2.672130.012 ± 2.3322h128.932±111.265 ± 3.964\*[^2] Table 2Changes in Diastolic BP in Control Group vs SGLT-2i Treatment GroupControl (mmHg)Dapagliflozin (mmHg)Pre95.297 ± 2.604104.762 ± 3.1211h101.418 ± 1.700104.579 ± 1.2702h105.236 ± 1.75688.289 ± 3.971\*[^3] Table 3The Change of HR in Control Group vs SGLT-2i Treatment GroupControlDapagliflozinPre391.484 ± 36.399392.673 ± 27.8511h415.796 ± 10.671425.262 ± 10.9372h435.403 ± 6.188389.147 ± 16.018[^4]

SGLT-2 Distribution in the Brain {#S0003-S2002}
--------------------------------

The results from immunohistochemical analysis showed that SGLT-2 was abundantly expressed in the brain, from the forebrain to brainstem, precisely in the hypothalamus, amygdala, periaqueductal gray (PAG), and the nucleus of the solitary tract (NTS) related to autonomic control ([Figure 2](#F0002){ref-type="fig"}).Figure 2Grayscale contrast showing expression of SGLT-2 in Telencephalon (**A** and **B**); Diencephalon (**C** and **D**); Midbrain and Brainstem (**E** and **F**).**Abbreviations:** AOM, medial anterior olfactory region; AOL, anterior olfactory nucleus, lateral part; AOD, anterior olfactory nucleus, dorsal part; AOVP, anterior olfactory nucleus, ventroposterior part; DTT, dorsal tenia tecta layer; E/OV, olfactory ventricle (olfactory part of lateral ventricle); AOP, anterior olfactory nucleus, posterior part; aca, anterior commissure, anterior part; PrL, prelimbic cortex; fmi, forceps minor of the corpus callosum; CPu, caudate putamen (striatum); Nv, navicular nucleus of the basal forebrain; DTT, dorsal tenia tecta; DP, dorsal peduncular cortex; Cg2, cingulate cortex, area 2; LSI, lateral septal nucleus, intermediate part; LSV, lateral septal nucleus, ventral part; LSD, lateral septal nucleus, dorsal part; VDB, nucleus of the vertical limb of the diagonal band; CC, corpus callosum; LSD, lateral septal nucleus, dorsal part; MnPO, median preoptic nucleus; BNST, bed nucleus of the stria terminalis; ac, anterior commissure; LPO, lateral preoptic area; MPA, medial preoptic area; MPO, medial preoptic nucleus; PVA, paraventricular thalamic nucleus, anterior part; PVN, paraventricular hypothalamic nucleus; CM, central medial thalamic nucleus; AM, anteromedial thalamic nucleus; Re, reuniens thalamic nucleus; LH, lateral hypothalamus; RCh, retrochiasmatic area; CA3, field CA3 of the hippocampus; PVA, paraventricular thalamic nucleus, anterior part; PVP, paraventricular thalamic nucleus, posterior part; PV, paraventricular thalamic nucleus; IAM, interanteromedial thalamic nucleus; Re, reuniens thalamus nucleus; PH, posterior hypothalamic nucleus; AHC, anterior hypothalamic area, central part; DMD, dorsomedial hypothalamic nucleus, dorsal part; DM, dorsomedial hypothalamic nucleus; VMH, ventromedial hypothalamic nucleus; VMHVL, ventromedial hypothalamic nucleus, ventrolateral part; Arc, arcuate hypothalamic nucleus; ME, median eminence; ML, medial mammillary nucleus, lateral part; VTM, ventral tuberomammillary nucleus; p1PAG, p1 periaqueductal gray; PrC, precommissural nucleus; PAG, periaqueductal gray; Aq, aqueduct; Pn, pontine nuclei; DCIC, dorsal cortex of the inferior colliculus; DLL, dorsal nucleus of the lateral leminiscus; DRD, dorsal raphe nucleus, dorsal part; PTg, pedunculopontine tegmental nucleus; LPB, lateral parabrachial nucleus; DTgP, dorsal tegmental nucleus, pericentral part; DTgC, dorsal tegmental nucleus, central part; CG, central gray; LC, locus coerules; PDTg, posterodorsal tgmental nucleus; PO, periolivary nucleus; py, pyramidal tract; 4V, 4th ventricle; solitary tract nucleus; Rt, reticular nucleus; AP, area postrema.

c-Fos Expression Distribution in the Brain After Administration with SGLT-2i {#S0003-S2003}
----------------------------------------------------------------------------

Autonomic regions from telencephalon to caudal brainstem extensively showed c-Fos expression. In particular, high c-Fos expression occurred hypothalamus, amygdala and periaqueductal gray, and significantly higher when compared to the control group ([Table 4](#T0004){ref-type="table"}). Among these areas, PO, MPO, MPA of the forebrain, Me, Ce, BMA, BLA, Pirl of amygdala nucleus, CA3 of the hippocampus, PVN, VMH, LH of the hypothalamus, SC, PAG, DR, VTA, Pn of the midbrain, NTS, LC, CG, PO, LPB, Rt of brainstem have the largest differences in c-FOS counts. Areas in brainstem such as NTS, Rt, LC correlated to sympathetic and parasympathetic outflow exhibited significant c-Fos expression, besides, Me, VMH which according to previous studies showed a relationship with glucose sensing, demonstrated increased c-Fos expression when compared to control group. However, compared to the above-mentioned regions, sparse specific distribution was witnessed in the cerebellar cortex, thalamic area (except for PVA), cerebellum cortex, and basal ganglion ([Table 5](#T0005){ref-type="table"}, [Figures 3](#F0003){ref-type="fig"} and [4](#F0004){ref-type="fig"}). In addition, immunofluorescence results showed increased c-Fos expression in multiple areas expressing SGLT-2 ([Figure 5](#F0005a){ref-type="fig"}). The comparison of SGLT-2 distribution and c-Fos expression is presented in [Table 5](#T0005){ref-type="table"}Table 4Quantitative Measure of Fos-Immunoreactivity in Control Group vs SGLT-2i Treatment GroupNucleiControlDapagliflozinForebrainBNST23.333 ± 4.33358.500 ± 6.771\*MnPO25.333 ± 2.30556.333 ± 8.172\*PO55.833 ± 3.609101.333 ± 3.313\*MPO33.667 ± 4.52982.500 ± 3.452\*MPA36.000 ± 2.50380.000 ± 3.679\*MS34.500 ± 2.51365.500 ± 3.510\*Amygdalar nuclei and HippocampusMe37.833 ± 3.32189.500 ± 4.696\*Ce31.000 ± 2.92170.167 ± 4.278\*BMA42.500 ± 4.61890.000 ± 5.190\*BLA41.000 ± 3.69780.833 ± 3.280\*Pirl103.167 ± 7.387200.000 ± 16.691\*CA310.833 ± 1.40042.000 ± 9.808\*ThalamusPVA48.000 ± 8.37989.833 ± 10.454\*CM11.167 ± 2.75036.833 ± 3.124\*Rh5.500 ± 0.61914.500 ± 1.586Re12.500 ± 2.29132.333 ± 6.113\*IAM9.333 ± 1.08523.833 ± 2.358HypothalamusPVN30.000 ± 4.23578.000 ± 3.873\*VMH35.667 ± 2.62965.167 ± 2.522\*LH53.000 ± 5.298113.500 ± 8.721\*ARC9.667 ± 0.61516.833 ± 1.701AHC52.167 ± 7.81281.167 ± 5.406\*MidbrainSC77.667 ± 5.863145.167 ± 12.655\*PAG71.000 ± 4.844115.833 ± 3.229\*DR26.500 ± 1.52263.500 ± 1.765\*PTg46.500 ± 2.63066.833 ± 3.591VTA31.167 ± 2.24272.833 ± 9.013\*Pn26.000 ± 4.72680.833 ± 6.002\*BrainstemAP8.333 ± 0.76010.167 ± 0.703SoL/NTS50.000 ± 3.66195.500 ± 3.704\*Py12.833 ± 3.13530.167 ± 6.540LC34.500 ± 5.35974.667 ± 5.451\*CG37.333 ± 3.99768.167 ± 7.054\*PO35.333 ± 3.60271.667 ± 6.004\*LPB20.667 ± 1.45346.167 ± 6.620\*Rt36.333 ± 4.61674.667 ± 4.951\*[^5] Table 5Analysis of SGLT-2 and c-Fos Expression in Mice BrainLocationDensity of SGLT-2c-Fos**Telencephalon**OlfactoryGranule cell layer\--Anterior olfactory area\--Dorsal\--Lateral\--Ventral\--Cerebral cortexCallosal convolution++++++Pyriform area++++++HippocampusCA3Rostral+++Caudal+++Caudal-+Dentate gyrus-+Basal gangliaNucleus accumbens\--Shell\--Core\--Tail shell nucleus\--Globus pallidus (inside)\--Globus pallidus (outer)\--AmygdalaMedial amygdala+++++Central amygdala+++++Basolateral amygdala+++++Basomedial amygdala+++++Cortical amygdala+++++SeptumLateral++Medial++BNST+++Preoptic areaOrganum vasculosum of lamina terminalis++Medial++Lateral++Ventral+-**Diencephalon**ThalamusParaventricular nucleus of thalamus+++++HypothalamusArcuate nucleus++++Dorsomedial nucleus++++Ventromedial nucleus++++Paraventricular nucleus+++++Supraoptic nucleus++++Lateral hypothalamus++++Anterior hypothalamus+++Posterior hypothalamic++Medial papilla nucleus++Ventral geniculate nucleus+++Precommissural nucleus++**Midbrain**Periaqueductal gray+++++Superior colliculus+++Ventral tegmental area+++Dorsal raphe nucleus++Medial geniculate nucleus++Substantial nigra\--Cerebellar 9: 10\--**Brainstem**Parabrachial nucleus++++Stratum griseum Centrale++++Locus coeruleus+++Lateral reticular nucleus++++Nucleus of solitary tract++++++Area postrema+++[^6] Figure 3Comparison of FOS-IR for nuclei between control and SGLT-2i in telencephalon (**A**); amygdalar nuclei and hippocampus (**B**); thalamus (**C**); hypothalamus (**D**); midbrain (**E**); brainstem (**F**), *n* = 12, mean ± SEM. \**P* \< 0.05 vs control; ns: no significance; Two-way ANOVA, Sidak multiple comparison test.**Abbreviations:** BNST, bed nucleus of stria terminalis; MnPO, median preoptic nucleus; LPO, lateral preoptic area; MPO, medial preoptic nucleus; MPA, medial preoptic area; MS, medial septum; Me, medial amygdala nucleus; Ce, central amygdala nucleus; BMA, basomedial amygdala nucleus; BLA, basolateral amygdala nucleus; Pirl, piriform cortex; CA3, field CA3 of the hippocampus; PVA, paraventricular nucleus of thalamus; CM, central medial thalamic nucleus; Rh, rhomboid thalamic nucleus; Re, reuniens thalamic nucleus; IAM, interanteromedial thalamic nucleus; PVN, paraventricular nucleus of hypothalamus; VMH, ventromedial hypothalamus; LH, lateral hypothalamic area; ARC, arcuate nucleus; AHC, anterior hypothalamic nucleus; SC, superior colliculus; PAG, periaqueductal gray; DR, dorsal raphe nucleus; PTg, pedunculopontine tegmental nucleus; VTA, ventral tegmental area; Pn, potine nucleus; AP, area postrema; Sol/NTS, nucleus of solitary tract; Py, pyramidal tract; LC, locus coeruleus; CG, central gray; PO, periolivary nucleus; LPB, lateral parabrachial nucleus; Rt, reticular nucleus.Figure 4Analysis of c-Fos expression between SGLT-2i (A, B, C) and control group (D, E, F) in MnPO, PVA, and PVN (**A**); Superior colliculus, PAG, and LC (**B**); NTS, CA3, and amygdalar nuclei (**C**); Scale bar: 100μm.**Abbreviations:** MnPO, median preoptic nucleus; ac, anterior commissure; PVA, paraventricular thalamic nucleus; D3V, dorsal 3rd ventricle; PVN, paraventricular hypothalamic nucleus; 3V, 3rd ventricle; Aq, aqueduct; PAG, periaqueductal gray; LC, locus coeruleus; 4V, 4th ventricle; NTS, nucleus of solitary tract; AP, area postrema; CC, central canal; CA3, the field CA3 of hippocampus; Me, medial amygdala nucleus; Ce, central amygdala nucleus; BMA, basomedial amygdala nucleus; BLA, basolateral amygdala nucleus; Pirl, piriform cortex.Figure 5Continued.Figure 5Continued.Figure 5(**A**) c-Fos expression is upregulated in SGLT-2i group (A, B, C, D) vs control group (E, F, G, H) as determined by immunofluorescence assay in MnPO (**A**); PVA (**B**); PVN (**C**); SC (**D**); PAG (**E**); LC (**F**); NTS (**G**); CA3 (**H**); Me (**I**); Red: Alexa Fluor-594, staining showing c-Fos expression in nucleus of neurons; Green: Alexa Fluor-488, staining showing SGLT-2 expression surround nucleus of neurons; Scale bar: 100μm. Magnification: A and E=5X; B, C, D and F, G, H=20X.**Abbreviations:** MnPO, median preoptic nucleus; ac, anterior commissure; PVA, paraventricular thalamic nucleus; D3V, dorsal 3rd ventricle; PVN, paraventricular hypothalamic nucleus; 3rdV, 3rd ventricle; SC, superior colliculus; Aq, aqueduct; PAG, periaqueductal gray; Aq, aqueduct; LC, locus coeruleus; 4V, 4th ventricle; AP, area postrema; NTS, nucleus of solitary tract; CC, central canal; D3V, dorsal 3rd ventricle; CA3, the field CA3 of hippocampus; Me, medial amygdala nucleus; Ce, central amygdala nucleus; BMA, basomedial amygdala nucleus; BLA, basolateral amygdala nucleus; Pirl, piriform cortex.

Discussion {#S0004}
==========

In this work, we measured the acute blood glucose (BG) variation, blood pressure (BP) and heart rate (HR) change after intragastric gavage, and revealed that as an antidiabetic medication, Dapagliflozin could significantly decrease the BP in normal C57BL/6 mice. This was enabled through a special mechanism independent of the BG regulation that causes an insignificant change in the HR. Using immunohistochemistry, we localized the substantial distributions of SGLT-2 in CNS, which provide direct confirmation and basis for the role of SGLT-2 in autonomic regulation. Importantly, this is arguably a maiden study to simultaneously perform immunohistochemistry assay to analyze the activation signals of brain nuclei associated with autonomic control by dapagliflozin, and discovered remarkably increased signals in multiple nuclei compared with the control group. Furthermore, our study suggested that paraventricular nucleus (PVN) is a crucial target by dapagliflozin in cardiovascular regulation. Besides, our results demonstrated that Dapagliflozin reduces blood volume via a unique mechanism rather than diuretics, which is largely through central autonomic control especially associated with cardiovascular regulation. This contributes to the advancement of prognosis of the chronic heart failure in patients with T2DM. Our findings corroborate with the results proposed by multiple clinical trials.[@CIT0019],[@CIT0020]

Effects of SGLT-2i on the BG, BP, HR {#S0004-S2001}
------------------------------------

As an effective hypoglycemic drug, Dapagliflozin did not significantly change BG in 2 hours but demonstrated a significant change in BP. One possibility is that the blood glucose concentration-depends on the hypoglycemic effect of SGLT-2i meaning it can effectively lower blood glucose at higher levels, but attenuates lowering at low levels, and exerts a moderate protective effect on the target organs of glucose metabolism in the body. Moreover, we speculate that this may be attributed to the pharmacokinetic and pharmacodynamics of dapagliflozin. Of note, the normal absorption into the circulation time range of Dapagliflozin is within 1--2 hours after administration. During 1--2 hours after administration, we also found that the blood glucose of the experimental group was lower than that of the control group at the beginning, but the difference was statistically insignificant. Another key speculation is that the regulation of BG in mice was more stable than BP. Despite not monitoring the urine volume, we discovered that BP can easily be influenced by the dapagliflozin compared to BG; hence, a strong evidence that the ability of SGLT-2i to cut down the BP is not entirely dependent on the circulation volume depletion in such short duration. Again, this reminds us of the subsequent observations on c-Fos expression not caused by blood glucose fluctuations or hypoglycemic stimulation, thus can reliably reflect the changes in cardiovascular activity that we observed concurrently. In contrast, we found the average HR of mice administered with dapagliflozin showing negligible disparity, in agreement with studies that SGLT-2i reduces BP but does not elevate or slow down the HR, and therefore this effect may attribute to the inhibition of sympathetic nervous system by SGLT-2i.[@CIT0021],[@CIT0022] Interestingly, when compared with the control group, BG in the dapagliflozin administered group seems minor lower at 2 hours after administration; however, it did not attain statistical significance (P \> 0.05). Similar results were reported by some studies that the blood glucose concentration of the dapagliflozin treated group peaked in 2 hours,[@CIT0023],[@CIT0024] and it may involve the mechanisms of SGLT-2i reducing the blood glucose level distinctly from conventional drugs that stimulate the release of insulin or promote the uptake by the target tissue of insulin. Therefore, we provided evidence that Dapagliflozin may acutely reduce the BP without noticeably influencing on the HR, and the mechanism is partially independent of glycemic change.

Localization of SGLT-2 in the Brain of Mice {#S0004-S2002}
-------------------------------------------

Next, we performed histochemistry of localization of SGLT-2 in CNS, which may provide the histological basis for our aforementioned findings on BP, HR. Although the previous studies had not disclosed the exact location of SGLT-2,[@CIT0014],[@CIT0025],[@CIT0026] we found that SGLT-2 protein expressed in multiple brain areas particularly those associated with autonomic control including hypothalamus, midbrain, and brainstem. Besides, we found expression data in some database (GEO, Allen brain atlas, Gene cards, etc.) consistent with our research findings including, ISH data, array expression, and mRNA sequence data. Compared with the kidney, SGLT2 there expressed in low levels in the brain. However, although SGLT-2 expression is not abundant in intracellular space, there could be some functions of central SGLT-2 related to neuronal metabolism, signal transmission, and other neural functions, among others.[@CIT0008],[@CIT0027]

Neurons require a constant supply of glucose for optimal functioning. Glucose is transported to the CNS tissues by specific transporters including sodium-independent glucose transporters (GLUTs) and sodium-glucose co-transporters (SGLTs).[@CIT0012],[@CIT0013],[@CIT0027] However, SGLT-2 plays a role in other functions in CNS besides glucose transport. A recent study found the SGLT-2 accumulates in the seizing focus using radioactive tracing. They also discovered that Dapagliflozin can prevent the seizure activities by inhibiting SGLT-2 implying that SGLT-2 regulates neural electrophysiology.[@CIT0028] Elsewhere, it was reported that SGLT-2i can induce remission of inflammation in CNS which is a new landmark of metabolic syndrome[@CIT0029]--[@CIT0031] In the present study, we found that SGLT-2 expression was confined to the forebrain in the brainstem of mice, suggesting the existence of possibilities of the central inhibition of SGLT-2.

Similarly, we found that SGLT-2 was expressed in the aforementioned regions and affected cardiovascular function via regulating autonomic control.[@CIT0004],[@CIT0006],[@CIT0032] These regions have distinct autonomic function among them, (1) the central nucleus of the amygdala (CEA), the bed nucleus of stria terminalis (BNST), which are linked to the autonomous emotional state control, (2) the hypothalamus, which has various functions including, autonomic nervous activity, neuroendocrine, behavioral and stress response regulates BP circadian, (3) the periaqueductal gray matter (PAG) of the midbrain, which coordinates the autonomic nerve, pain control, pressure-related, aggressive and reproductive related behaviors, and (4) the nucleus of the solitary tract (NTS) is the site of visceral sensory afferent which initiates multiple cardiovascular, respiratory and other bulbar reflexes and transmits to other areas related to autonomic control.

Dapagliflozin Activates Neurons in Nuclei Related to Cardiovascular Activity {#S0004-S2003}
----------------------------------------------------------------------------

Several studies have been conducted to explore the activities of the neural circuits associated with the regulation of an autonomic or cardiovascular activity, which is intended to explore the pathogenesis of neural hypertension or metabolic syndrome.

Evidence from previous studies demonstrated that various stimuli, including serum, growth factors, tumor promoters, cytokines, and ultraviolet light, can induce the expression of c-Fos.[@CIT0033]--[@CIT0035] Because they can be expressed within 15 minutes of being stimulated by a strong ex-stimuli, the mRNA and protein of c-fos are one of the earliest expressed molecules, identified as "immediate early genes". Additionally, due to its participation in the polarizing of the neuronal electrical activity, it can be used as a marker of neuronal functional activity. After being stimulated, its c-Fos mRNA peaks within 30 minutes, while the protein peaks within 60--90 minutes and last for about 2--5 hours. Because the protein exists longer than the mRNA after being stimulated, it can be argued that the pertinent neuron is activated by the related stimulation, and disappears at least 30--45 minutes after the conversion stimulation, which can facilitate the researchers to quickly dispose of the animal before anesthesia, nor need to consider treatment such as perfusion to cause non-specific c-Fos and related gene expression.

Herein, we selected c-Fos marker of direct neuronal activation and found significantly distinct expression fashion from the control group in neural areas of mice treated with SGLT-2i, including BNST, amygdala, PVN, NTS, etc., which have been established and reported by various literature to participate in regulating BP, HR and other autonomic activities in CNS.[@CIT0032],[@CIT0036],[@CIT0037] This suggests that Dapagliflozin, as a highly selective SGLT-2 inhibitor,[@CIT0038] may have the ability to influence the function of central autonomic control that results in neural activation related to BP and HR regulation.

First, we found that significantly increased expressions of c-Fos in the cortex of piriform and cingulated gyrus, which is a senior autonomic region may be associated with visceral activities. Previously, multiple studies have reported the role of piriform and cingulated gyrus in controlling the cardiovascular system and pathogenesis or as treatment targets of cardiovascular disorders such as hypertension.[@CIT0039]--[@CIT0042] Additionally, we established that there was a significant expression of c-Fos in the CA3 region of the Hippocampus. Also, there are studies reported the role of the hippocampus in cardiovascular regulation and related disorders.[@CIT0043],[@CIT0044]

Concurrently, we witnessed an increased c-fos expression in nuclei within the hypothalamus. Of note, the hypothalamus possesses multiple autonomic functions including feeding,[@CIT0045] thermal regulation,[@CIT0046] circadian,[@CIT0047] reproduction,[@CIT0048] cardiovascular control.[@CIT0049] Many literature reports have revealed the association of hypothalamus with hypertension and other cardiovascular disorders.[@CIT0049] Notably, over 50% of hypertension cases in the clinic can be attributed to neurogenic essential hypertension.[@CIT0049] The paraventricular nucleus of the hypothalamus (PVN) is a crucial link, and release CRH of the parvocellular part may influence the HPA axis and project to brainstem to control autonomic efferent.[@CIT0050],[@CIT0051] We particularly reported significant c-Fos expression in this region, which suggested SGLT-2i may influence cardiovascular activity via the PVN. However, more exact methodologies are essential to further investigate the functional alterations of different parts and related functions of PVN. Besides, we reported significantly increased c-Fos expression in MnPO which is near the circumventricular organs and can be bound by angiotensin II (AngII), proposing that SGLT-2 may influence the MnPO.[@CIT0052] Other nuclei such as MPO, LHA, VMH, and DMH, showed significant c-Fos expression, which was also revealed to possess SGLT-2. Some nuclei play role in energy regulation; however, a clear-cute technology, such as neuronal potential change or peptides expressions detection, is needed to reveal whether activating the neurons here indicates the relationship between central SGLT-2 and metabolic syndrome.[@CIT0053] Massive clinical trials have demonstrated that the injury of hypothalamus is associated with hypertension.[@CIT0006] Therefore, more deliberated investigations on the reflexes or circuitry within the hypothalamus associated to autonomic control will potentially advance the treatments of novel targets against hypertension and other cardiovascular diseases.

In the midbrain, we noted that the c-Fos expression in the PAG of the experimental group was significantly higher than that of the control group. PAG is an area that some studies found to regulate BP and vessel dilation, stimulating different parts to cause either hypertension or hypotension, respectively.[@CIT0054] Because of the reported expression of SGLT-2 in PAG, we speculate that the significant expression of c-Fos in this region indicates that SGLT-2i may affect the activities of PAG. Again, a precise methodology is needed to expose the function of this nucleus in central SGLT-2 inhibition and cardiovascular activities.

Through electrical stimulation or other tracer studies, much has been determined on the role of brainstem involvement in cardiovascular control.[@CIT0006],[@CIT0055],[@CIT0056] Also, we detected significantly high c-Fos expression in LC, PBL, NTS, Rt, among others. The generalized links of these nuclei are that afferent sensory signals relay to the neurons of NTS and then activate interneurons to send the signals from peripheral to either other brainstem nuclei such as the nucleus ambiguous, dorsal motor nucleus to modulate parasympathetic outflow, or via the rostral ventrolateral medulla inhibitions through GABAergic mechanisms by caudal ventrolateral medulla.[@CIT0057]--[@CIT0059] Consistently, we found that c-Fos expression was upregulated in NTS and Rt implying that the effects of Dapagliflozin were mediated by the autonomic efferent flow. Evidence from recent studies show that inflammation in the CNS tissues enhances sympathetic outflow, increases BP and SGLT-2 expression in kidney, causing hypertension or metabolic syndrome.[@CIT0060],[@CIT0061] Several studies have reported that SGLT-2i can prevent inflammation in CNS and peripheral nerve tissues thereby improve BG, BP, TC, and bodyweight.[@CIT0030],[@CIT0031] However, we still need to detect more indices and more precise in-depth research to reveal whether the above-mentioned neural circuit is related to these metabolism alterations, and their relationships with cardiovascular control. Presently, studies have reported SGLT-2i can regulate the sympathetic system which can be found to be especially over-activated in heart failure,[@CIT0062],[@CIT0063] and SGLT-2i has a role of improving the multi-functional status of cardiovascular activities, although the diuretics seem to elicit a more powerful effect on reducing fluid retention.[@CIT0064],[@CIT0065] Thiazide and thiazide-like diuretics may be associated with deleterious biological effects, such as metabolic disturbances (insulin resistance, lipid abnormalities), hypokalemia (which may increase the risk of arrhythmias) and hyperuricemia, as well as clinically detrimental effects such as increased heart rate, all factors that can negatively influence CV outcomes and possibly depress the positive effects of BP reduction.[@CIT0065] However, SGLT-2i did not significantly increase heart rate or creatinine. It modulated both metabolism and cardiovascular activity, decreased arterial stiffness or vascular resistance, thereby improving the cardiovascular function. In a nutshell, our study provides possible evidence on how Dapagliflozin modulates neuroendocrine activities and changes the cardiovascular condition ([Figure 6](#F0006){ref-type="fig"}).Figure 6Comparison of the known peripheral pathway (black full line) with central pathway proposed in this study (blue dotted line) through which SGLT-2i regulates cardiovascular processes. The list of mechanisms through which SGLT-2 inhibitors improve cardiac function both via peripheral and central pathways. SGLT-2 inhibitors inhibit peripheral reabsorption of sodium and glucose in proximal convoluted tubules (upper left corner) leading to natriuresis and glucosuria. Natriuresis can deplete the plasma volume and increase tubuloglomerular feedback. Reduced glucose reabsorption may result in a decrease in body weight, glyco-toxicity and inflammation accompanied by uricosuria. In terms of central mechanism, SGLT-2 inhibitors may act on cardiovascular regulation related nuclei, such as PVN, NTS, PAG and other nuclei. SGLT-2 inhibitors may eventually act on RVLM to influence the sympathetic flow to IML with sympathetic preganglionic neurons. Eventually, this promotes the parasympathetic nervous activity thereby decreases blood pressure and heart rate.**Abbreviations:** PVN, paraventricular nucleus of hypothalamus; NTS, nucleus of solitary tract; PAG, periaqueductal gray; RVLM, rostral ventrolateral medulla; IML, intermediolateral nucleus of spinal cord; BP, blood pressure.

In this study, we did not explore the dynamics of SGLT-2i in the brain due to technical limitations. We hope to adopt more precise techniques like radiography or Fluro-labeling in our future studies. It is likely that other neural pathways exist through which dapagliflozin activates neurons in the autonomic area. Here, we recorded inconsistent variation patterns of c-Fos expression and distinct expression areas between two groups, indicating that c-Fos change could not merely be influenced by peripheral blood pressure change. The existence of direct or indirect mechanisms is a possibility requiring further investigations.

Conclusion {#S0005}
==========

Dysregulation of the autonomic nervous system causes cardiovascular disarrangements with detrimental consequences such as severe cardiovascular events. In summary, we localized central SGLT-2 distribution and discovered the expression of c-Fos in multiple nuclei that co-express the SGLT-2, suggesting that the role of SGLT-2i in regulating cardiovascular activity may depend on the neural circuits between these nuclei. The activation of this loop reveals that drugs such as Dapagliflozin can regulate cardiovascular activity and metabolic change through the CNS. In the future, we will focus on the associated neural pathways and molecular mechanisms. The current study presents new explanations on how SGLT-2i influences the sympathetic system and why it outperforms diuretics in improving cardiovascular function. Our findings provide theoretical and practical data for developing new antidiabetic drugs that benefit the cardiovascular system.
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